To understand the molecular mechanisms of rice aerial organ development, we identified a mutant gene that caused a significant decrease in the width of aerial organs, termed ABNORMAL VASCULAR BUNDLES (AVB).
Introduction
All aerial lateral organs are developed from the shoot apical meristem (SAM). At the periphery of the dome-like SAM, founder cells are recruited to form the primordia of lateral organs; the conversion of primordia into mature organs is usually described to consist of two partially overlapping phases: cell division and cell expansion (Gonzalez et al., 2012) . The cell proliferation rate in primordia, which determines the final number of cells, is an important factor contributing to the final organ size (Smet & De Rybel, 2016) . During the development of primordia into mature organs, procambium cells are recruited in specific positions and differentiate into mature vascular bundles (Sieburth & Deyholos, 2006) . Plant vascular bundles interconnect all parts of the plant body from the root tip to the aerial organs by their conductive function to enable the efficient long-distance transport of water, nutrients and small molecules and to provide mechanical support (Mahonen et al., 2000) .
Eukaryotic cell cycle regulation depends on cyclin-dependent kinases (CDKs) complexed with their associated cyclins (OhashiIto & Bergmann, 2007) . The kinase activity and substrate specificity of CDKs are largely determined by different cyclin partners, of which the D-type cyclins (CYCDs) mainly regulate the G1 to S transition in response to mitogens, whereas the A-type cyclins (CYCAs) control S-phase progression and the B-type cyclins (CYCBs) control the G2 to M transition (Polyn et al., 2015) . The exit from mitosis is controlled by the anaphase-promoting complex/cyclosome (APC/C), a protein complex that regulates cyclin degradation (Sullivan & Morgan, 2007) . Overexpression of a subunit of the APC/C complex, the APC10 protein, has been shown to increase the rate of cell division and to result in larger leaves by increasing the final number of cells (Eloy et al., 2011) . The mutation of SMALL ORGAN4 (SMO4) in Arabidopsis, which encodes a homolog of yeast NOP53, has been found to reduce the cell proliferation rate during organ growth and to result in a reduced organ size (Zhang et al., 2015) . Rice slender leaf 1 (SLE1), which encodes OsCSLD4, is specifically expressed during the M phase of the cell cycle and the narrow leaf blade of sle1 has been shown to be caused by reduced cell proliferation (Yoshikawa et al., 2013) . At the reproductive stage, SAMs begin to extend and transition into inflorescence meristems. Then, lateral meristems are generated, giving rise to primary and secondary branches. Finally, lateral and terminal spikelets are produced on these branches (Li S et al., 2009) . Rice aberrant panicle organization 1 (APO1), which encodes an F-box protein and is an ortholog of Arabidopsis UNUSUAL FLORAL ORGAN (UFO), positively regulates spikelet number by suppressing the premature conversion of inflorescence meristems into spikelet meristems (Ikeda et al., 2005 (Ikeda et al., , 2007 . Increases in APO1 expression have been shown to lead to the accelerated proliferation of cells and, finally, increases in the numbers of branches and spikelets (Ikeda-Kawakatsu et al., 2009) . Rice Dense and Erect Panicle 1 (DEP1) and DEP2 affect meristematic activity and the decrease in panicle length in dep2 is caused by a defect in cell proliferation during the exponential elongation of the panicle (Li et al., 2010) .
Vascular bundles develop from procambium cells (Miyashima et al., 2013) . Polar auxin transport is a key process in procambium establishment (Scarpella et al., 2006) . The classic auxin signal flow canalization hypothesis predicts that the distribution of auxin is narrowed down from a wide field of cells to a subset of cells with high auxin transport, which then become the site of the procambium (Sachs, 1981) . The response to auxin is mediated by transcription factors, known as auxin response factors (ARFs) (Sang et al., 2012) . MONOPTEROS (MP)/AUXIN RESPONSE FACTOR5 (ARF5) plays a critical role in the specification of procambium cells and ARABIDOPSIS THALIANA HOMEOBOX8 (ATHB8), a class III homeodomain leucine zipper (HD-ZIP III) transcription factor family gene, is one of the earliest expressed transcriptional regulators in the preprocambium cells (Baima et al., 1995 (Baima et al., , 2001 ). In the initiation and specification of procambium cells, there is a positive feedback loop of auxin-MP-ATHB8-PIN1. Polar auxin transport is mediated by PIN-FORMED PROTEIN1 (PIN1) to establish auxin maxima in the preprocambium cells in leaf primordia; the transcription of ATHB8 is activated directly by MP. ATHB8 subsequently directs the formation of preprocambium cells and induces the expression of PIN1 (Miyashima et al., 2013) . The ERECTA protein family seems to be necessary for PIN1 expression in the vasculature during the very early stages of leaf primordia development in Arabidopsis (Chen et al., 2013) . UNHINGED (UNH), which encodes a homolog of yeast VPS51, the fourth subunit of the tetrameric Golgi-associated retrograde protein (GARP) tethering complex, plays a key role in targeting AtPIN1 to the lytic vacuole for degradation to maintain the appropriate distribution of AtPIN1 in leaf primordia (Pahari et al., 2014) .
Mutations in genes regulating cell division also affect procambium development and finally affect the venation pattern (Furuta et al., 2014) . For example, enhanced cell proliferation by the ectopic expression of AINTEGUMENTA (ANT) results in an increase in higher order veins, whereas decreased cell division by the ectopic expression of INTERACTOR/INHIBITOR OF CDC2 KINASE 1 (ICK1) leads to a reduced venation pattern (Kang et al., 2007) . The mutation of LARGE SCUTELLA NODE1 (LSN1) in maize caused defective cell elongation and resulted in the differentiation of only one root primordium, and this result shows a relationship between meristem activity and primordium differentiation (Michela et al., 2000) .
After the procambium has established in lateral organ primordia, procambium cells retain their meristematic activity and continue to divide in a highly oriented manner to increase their own cell lineages to produce xylem cells on one side and phloem cells on the other . Tracheary element differentiation inhibitory factor (TDIF) and its receptor TDIF RECEPTOR (TDR)/PHLOEM INTERCALATED WITH XYLEM (PXY) play crucial roles in vascular meristem maintenance by promoting cell proliferation and inhibiting xylem differentiation in the procambium (Ito et al., 2006; Hirakawa et al., 2008; Etchells & Turner, 2010) . WUSCHEL-related HOMEOBOX 4 (WOX4) is a key target of the TDIF signaling pathway and is required for promotion of the proliferation of procambial stem cells (Hirakawa et al., 2010) . The transcriptional regulator HAIRY MERISTEM4 (HAM4) acts as a conserved cofactor that interacts with WOX4 proteins; WOX4-HAM4 transcription factor complexes are important for promotion of procambium cell proliferation downstream of TDIF-TDR signaling (Kondo & Fukuda, 2015; Zhou et al., 2015) . In rice, OsWOX4 is negatively regulated by another CLE peptide, FON2-like CLE PROTEIN 1 (FCP1) (Ohmori et al., 2013) .
Owing to our superficial understanding of the mechanisms that regulate cell proliferation and procambium establishment, more research is required to obtain a deeper understanding of the mechanisms involved. Here, we first confirmed that ABNORMAL VASCULAR BUNDLES (AVB) plays an important role in the maintenance of appropriate cell proliferation in meristems. Second, we showed that AVB participates in the establishment of the procambium in lateral organ primordia. Third, we found that AVB influences the proliferation of procambium cells in sheaths, internodes and panicle necks.
Materials and Methods

Plant materials
The avb mutant was identified from Jinhui 10 (JH10) (Oryza sativa L. ssp. indica) treated with ethyl methanesulfonate. JH10, a restorer line bred in Southwest University, was used as the wild-type (WT) in all experiments. All plants were grown in paddy fields in Chongqing, China, under natural conditions. For hormone treatment, JH10 seeds were treated by a slightly modified version of a previously described method (Sakamoto et al., 2013) .
Genetic analysis and map-based cloning of AVB
The avb mutant was crossed with Nipponbare to obtain the F 1 population; the F 2 population was then obtained by F 1 selffertilization. The F 2 plants with the mutational phenotype were selected and used to map AVB. Gene mapping was performed using simple sequence repeat (SSR) markers. The primer sequences for mapping the candidate gene are listed in Supporting Information Table S1 .
Paraffin sectioning and histological analysis
Leaves, second internodes, panicle necks, primary branches, secondary branches and roots were collected at the seedling stage and the heading stage, and fixed in 50% ethanol, 0.9 M glacial acetic acid and 3.7% formaldehyde overnight at 4°C, dehydrated with a graded series of ethanol, infiltrated with xylene, and embedded in paraffin (Sigma). The 8-lm-thick sections were cut (RM2245; Leica, Hamburg, Germany) and transferred onto poly-L-lysine-coated glass slides, deparaffinized in xylene and dehydrated through an ethanol series (Ren et al., 2016) . Light microscopy was performed using a Nikon Eclipse E600 (Nikon, Tokyo, Japan) microscope.
RNA isolation and quantitative real-time polymerase chain reaction (qRT-PCR) analysis Dissected tissues from shoot apex, leaves, internodes, inflorescences and roots were collected for RNA extraction. Total RNA was isolated using the RNAprep Pure Plant Kit (Tiangen, Beijing, China), and further purified using this kit in accordance with the manufacturer's instructions. The concentration, purity and integrity of extracted RNA were determined using a NanoDrop 2000 spectrophotometer (Bio-Rad) and 1% agarose gel electrophoresis. All reverse transcriptions were performed using 1 lg of total RNA with SuperScript II Reverse Transcriptase (Invitrogen) employing the oligo(dT) 18 primer, in accordance with the manufacturer's instructions. After cDNA synthesis, all samples were diluted 20 times and stored at À20°C. qRT-PCR was performed with the SYBR Supermix Kit (BioRad) and the ABI 7500 Sequence Detection System (Applied Biosystems, Carlsbad, CA, USA), in accordance with the manufacturer's instructions. Three replicates were performed and normalized relative expression levels were analyzed by the DDCt method using the ACTIN1 gene as an endogenous control (Livak & Schmittgen, 2001) . The primer information is given in Table S2 .
Transcriptome analysis
At the tillering stage, the shoot apex was employed for RNA extraction and transcriptome sequencing with two biological replicates. The purity and concentration of RNA were assessed using a NanoPhotometer spectrophotometer (Implen, Westlake Village, CA, USA) and a Qubit RNA Assay Kit in a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). Library construction and RNA sequencing (RNA-seq) were conducted by Novogene Bioinformatics Institute (Beijing, China) on a HiSeq 4000 platform (Illumina, San Diego, CA, USA). The identification of differentially expressed genes (DEGs) was performed using the DESeq R package and P values were adjusted using the Benjamini and Hochberg approach for control of the false discovery rate. DEGs with an adjusted P < 0.05 were employed for gene ontology (GO) enrichment analysis in AgriGo (http://bioinfo.cau.edu.cn/agriGO/). RNA-seq data were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under accession number PRJNA326344.
In situ hybridization
The 554-bp gene-specific AVB probe was amplified with the primers Prob-AVB-F and Prob-AVB-R and labeled using the DIG RNA Labeling Kit (SP6/T7; Roche), in accordance with the manufacturer's recommendations. The probe for histone H4 was prepared using the same method. Pretreatment of sections, hybridization and immunological detection were performed in accordance with previously described methods (Sang et al., 2012) . The primer pairs used are listed in Table S3 .
Vector construction
To construct the AVB complementation plasmid, a 11 632-bp genomic fragment that contained the AVB coding sequence, coupled with 2914-bp upstream and 356-bp downstream sequences, was amplified using two pairs of primers: AVBcom1-F/AVBcom1-R and AVBcom2-F/AVBcom2-R. The PCR products of AVBcom1 were digested using EcoRI and KpnI, and then inserted into the binary vector pCAMBIA1301 to obtain the intermediate vector. The PCR products of AVBcom2 were then digested using KpnI and SalI, and ligated into an intermediate vector. The recombinant complementation plasmids were introduced into avb by the Agrobacterium tumefaciens-mediated transformation method, as described previously (Sang et al., 2012) . The primer pairs for vector construction are listed in Table S4 .
Electrophoretic mobility shift assay
To produce the His-tagged putative DNA-binding domain (DBD) of OsARFs, the DBD of OsARFs was amplified using the cycling conditions, 95°C for 20 s, 60°C for 20 s and 68°C for 120 s for 35 cycles, and the PCR products were inserted into the KpnI and EcoRI sites of the expression vector pET-32a (Novagen, Shanghai, China). The prokaryotic expression construct was transformed into Escherichia coli BL21 (DE3). Positive colonies were grown at 37°C to an optical density at 600 nm (OD 600 ) of the culture of 0.6. The DBD-thioredoxin A (TrxA) fusion protein was induced by the addition of isopropyl b-Dthiogalactopyranoside to a final concentration of 1 mM, and was then purified with Ni-NTA Sefinose TM Resin (BBI, Shanghai, China) following the protocol of the kit.
Fifty-base-pair complementary oligonucleotides, F1-F and F1-R, F2-F and F2-R, F3-F and F3-R, containing AuxRE (auxin-responsive element)1, AuxRE2 and AuxRE3, respectively, in the promoter of the AVB gene, were synthesized (Invitrogen) and resolved to a final concentration of 10 pmol ll À1 ; they were then annealed to obtain the double-stranded fragments using the following conditions: 95°C for 3 min; 22°C for 1 min; ramp rate, 0.1°C s À1 ; 4°C storage. A total of 10 pmol of doublestranded fragment was incubated with 10 pmol of purified protein in 1 9 binding buffer (10 mM Tris, 50 mM KCl, 1 mM dithiothreitol) for 30 min at room temperature. DNA-protein complexes were resolved on 8% native polyacrylamide gels in Tris-borate-EDTA buffer at 4°C, and stained with SYBR Safe (Invitrogen). The images were collected using Gel Doc TM (BioRad) and analyzed using IMAGE LAB software (Bio-Rad). The oligonucleotides and primer sequences used are listed in Table S5 .
Phylogenetic analysis
Homologous protein sequences of different species were acquired by BLAST in PHYTOZOME, using an EXPECT value threshold of 10 À5 (http://phytozome.jgi.doe.gov/pz/portal.html#!search? show=BLAST). Multiple sequence alignments were conducted using the online version of MAFFT (http://mafft.cbrc.jp/alignment/server/index.html). The alignment results were saved as FASTA files and used for phylogenetic tree construction by MEGA 5.1 software. The tree was constructed using the neighborhood method based on the Jones-Taylor-Thornton matrix-based model with the lowest Bayesian Information Criterion scores (Jones et al., 1992; Tamura et al., 2011) . Bootstrap support values for each node from 500 replicates are shown next to the branches.
Subcellular localization
The coding region of AVB without the stop codon was amplified using the primer pair AVBSL-F and AVBSL-R containing AatII and XmaI sites, respectively (Table S4 ). The fragment was cloned into the expression cassette 35S-GFP-NOS (pA7) to obtain an AVB-GFP fusion protein. The green fluorescent protein (GFP) and AVB-GFP plasmids were transformed into rice protoplasts by a previously described method . After 16 h of incubation at 28°C, GFP fluorescence was observed by confocal laser scanning microscopy (FV1000; Olympus, Tokyo, Japan).
Flow cytometry analysis
For nuclear staining, the shoot apex from tilling-stage rice was cut into small pieces in Otto buffer I on ice, and then filtered with a 30-lm CellTrics filter. After centrifugation at 4°C and 112 g for 3 min, the supernatant was discarded and the precipitate was gently resuspended in 200 ll of Otto buffer I (100 mM citric acid, 0.5% v/v Tween 20), supplemented with 500 ll of Otto buffer II (400 mM Na 2 HPO 4 •12H 2 O, pH 8.9), and then gently mixed using a pipette. In addition, 15 ll of 4 0 ,6-diamidino-2-phenylindole (DAPI) was added for nuclear staining for 15 min and ploidy analysis was performed using CytoFLEX S (Beckman Coulter, Miami, FL, USA). The data were collected using CellQuest Pro TM and analyzed using ModiFit (Dolezel & Bartos, 2005) .
Results avb produces slender aerial organs
In rice populations mutagenized by treatment with ethyl methanesulfonate, a gene was identified whose defect caused slender aerial organs. Compared with WT plants, avb plants exhibited visibly narrower aerial organs. Measurement of the leaf width throughout the growth period indicated that the avb mutation significantly affected the width of the leaf blades, and the narrow-leaf phenotype became increasingly pronounced over the course of plant development (Fig. 1a,b,d) . At plant maturation, measurement of the internode width showed that the width of internodes was also significantly reduced in avb (Fig. 1c,e) . In addition, the panicles of avb were reduced in size with a narrow rachis (Fig. 1c,f ) and fewer branches (Fig. 1c ,g,h) in comparison with those in WT. Despite the reduction in width of the aerial organs, the lengths of these organs were similar to those of WT (Fig. S1) .
To clarify the reason for the narrow aerial organs, histological analysis of transverse sections of leaf blades, leaf sheaths, internodes and rachis was performed, which showed that the total cell numbers along the widths of these organs were reduced and the vascular bundles in these organs were also decreased in number compared with those in WT (Fig. 2a,b ,e,f,j,k,n,o,r-t). For example, in avb, the total number of cells along the width of the seventh leaf was reduced by 28.2%; in addition, the number of big vascular bundles (BVs) was reduced to 75% of that in WT, and the number of small vascular bundles (SVs) between adjacent BVs was reduced by almost half compared with that in WT (Fig. 2a,b ,r-t). In leaf sheaths, the number of cells along the sheath width was reduced by 32.4% and the number of BVs was reduced to 15 from 22 in WT (Fig. 2e ,f,r-t). Before visible nodes developed at the shoot stage, the young nodes and internodes in avb were much thinner than in WT (Fig. 2h,i) ; for example, the diameter of the second node from SAM in avb was 56.5% of that in WT (Fig. 2g) . After obvious internodes developed, the total number of cells along the width of the new elongating internode was reduced to 67.4% of that in WT and the corresponding number of BVs was 38.7%, whereas the number of SVs was 60% (Fig. 2j,k,r-t) . At the reproductive stage, the number of cells along the rachis width was reduced by 33.2%, the number of BVs was reduced by 41.2% and the number of SVs was reduced by 31.6% (Fig. 2n ,o, r-t). Considering the significant relationship between the number of BVs in the rachis and the number of branches, the numbers of primary and secondary branches decreased from 9.6 and 43.9 in WT to 8.1 and 34.9 in avb, respectively (Fig. 1c,g,h) . These results indicate that the main reasons for the slender aerial organs were the decreases in the numbers of cells and vascular bundles.
Notably, all vascular bundles, whether BVs or SVs, in sheaths, internodes and rachis, became significantly larger than their WT counterparts (Fig. 2e,f ,l,m,p,q,u,v) . For example, the average area of BVs in sheaths in WT was 3104 lm 2 , whereas that in avb was 4235 lm 2 (Fig. 2e,f,t,u) . Similarly, the areas of BVs and SVs in the internodes increased by 96.4% and 76.1% compared with those in WT, respectively (Fig. 2j-m,u,v) . The areas of BVs and SVs in the rachis increased by 60.8% and 123.6% compared with those in WT, respectively (Fig. 2n-q,u,v) . However, there was no apparent change in the areas of BVs and SVs in the leaf blade between avb and WT ( Fig. 2a-d,u,v) .
The AVB gene encodes a conserved protein of unknown function
To explore whether the avb mutant phenotypes were controlled by a single gene, the avb mutant was crossed with Nipponbare. All of the F 1 generation exhibited a normal phenotype, the same To clone the AVB gene, 1013 F 2 plants with the narrow-leaf phenotype were collected and 330 SSR molecular markers evenly distributed among the 12 rice chromosomes were selected to screen for the polymorphism among the parents. Ninety-six pairs of these markers showed polymorphism; polymorphism markers were then employed to screen the DNA poors constructed from 10 WT individuals and 10 avb mutant individuals. Finally, the AVB gene was mapped to the middle of the long arm of chromosome 3 within a physical interval of 46 kb (Fig. 3a) . Eight annotated genes (http://www.gramene.org/) within this interval were sequenced and a single-nucleotide substitution from C in WT to Asterisks indicate the significance of the differences between WT and avb as determined by Student's t-test (*, 0.01 ≤ P < 0.05; **, P < 0.01). Bar: (a) 11 cm; (b) 11 mm; (c) 50mm.
T in avb within a gene with an unknown function (Os03g0308200) was identified. The C to T mutation caused the early termination of translation. This gene was thus predetermined as a candidate for the AVB gene. To confirm that it was indeed the AVB gene, a 11 632-bp WT genomic fragment of Os03g0308200, including a 2914-bp sequence upstream of the start codon and a 356-bp sequence downstream of the terminal codon, was transformed into avb. The mutant phenotype was completely rescued in transgenic plants (Fig. 3b) . These results confirmed that Os03g0308200 was the AVB gene.
Phylogenetic analysis showed that the AVB protein is conserved in land plants from moss and gymnosperms to monocots and dicots; the family members were detected to share a conserved domain with an unknown function (Fig. 3c,d) .
To determine the subcellular localization of AVB, vectors for the AVB-GFP fusion protein and the single GFP protein were transiently expressed in rice protoplasts. Green fluorescence, reflecting the AVB-GFP fusion protein, was detected in the nucleus and cytoplasm (Fig. 3e) . In protoplasts that expressed GFP alone, green florescence was observed throughout the cell (Fig. 3e) . These results suggested that the subcellular localization of AVB was in the nucleus and cytoplasm.
The AVB gene is preferentially expressed at growing points and involved in procambium establishment qRT-PCR showed that AVB was universally expressed in various tissues, including roots, internodes, leaves and panicles, especially at growing points (including leaf primordia ≤ P3, SAM and newly formed nodes) (Fig. 4a) .
The same expression pattern of the AVB gene was detected by in situ hybridization. Strong signals were observed at the growing points (Fig. 4b) . For a more detailed analysis of the expression pattern of AVB in growing points, the transverse and longitudinal sections of fixed tissues crossing SAM were examined for AVB signals. First, there were strong signals at the leaf primordia initiation site (Fig. 4d) . Next, scattered strong signals were detected in P2 primordia (Fig. 4c) . When procambium cells formed at the P3 primordia, AVB signals were concentrated at the procambium cells and the margins of the P3 primordia (Fig. 4c) . The AVB 
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New Phytologist gene was expressed in procambium cells before they became distinguishable from fundamental cells, which showed that expression of the AVB gene could be predictive of the sites of differentiation of procambium cells from fundamental cells. When vascular bundles developed in mature leaves, the weak signals of AVB were primarily restricted to the whole of the vascular bundles, with no preference for the xylem or phloem (Fig. 4e,f) .
One of the most pronounced mutant phenotypes of avb was fewer vascular bundles; as the procambium cells give rise to vascular bundles in rice, the early leaf development of avb plants was closely investigated to determine when the reduction in the number of vascular bundles began in the mutant. The investigation showed that the procambium cells could be distinguished from the fundamental meristem in the primordia later in P1, and the number of procambium cells decreased from five in WT to three in avb in P2 primordia. Consistently, a reduction in the number of procambium cells from seven to five in avb was also detected in P3 primordia (Fig. 4g,h ). This reduction in the number of procambium cells in avb confirmed that the AVB gene plays an important role in procambium initiation from the ground meristem.
Considering that the major site of AVB expression was shown to be procambium cells, mutation of the AVB gene impeded procambium establishment and polar auxin transport (PAT) played a unique role in procambium establishment, it was speculated that the AVB gene might crosstalk with auxin. Therefore, after treatment with indole-3-acetic (IAA) and 2,3,5-triiodobenzoic acid (TIBA) (inhibitor of polar auxin transport), and OsWOX4. It was shown that, on treatment with IAA, the expression of AVB remained unchanged up to 2 h; on treatment with TIBA, expression of the AVB gene at the growing points remained unchanged up to 0.5 h, and was dramatically activated at 2 h (Fig. 4j) . Based 
New Phytologist on this result, we proposed that the expression of the AVB gene might be regulated by the auxin signal, which prompted us to double check the promoter sequence of the AVB gene. The results showed that there were three typical AuxREs, named AuxRE1, AuxRE2 and AuxRE3 (Fig. 4i) . All ARFs in rice encoded a well-conserved amino acid sequence in the N-terminal region, that is a DBD, and electrophoretic mobility shift assay (EMSA) showed that the conserved DBD of OsARF11 could directly combine with the three 50-bp DNA fragments F1, F2 and F3, respectively, including AuxRE1, AuxRE2 and AuxRE3, in the promoter of the AVB gene, whereas the capacity for combining with F3, the AuxRE3-containing fragment, was much stronger than that for AuxRE1 and AuxRE2 (Fig. 4i,k) . Different concentrations of the F3 fragment showed different binding abilities with DBD (Fig. S2) . AuxRE3 is most probably the major element by which auxin regulates the expression of AVB. These results confirm that the AVB gene is involved in procambium establishment induced by the auxin signal.
The AVB gene ensures normal cell division in lateral organ development
The reduced number of cells along the width of aerial organs indicated that cell proliferation might be impaired during lateral primordia development in avb. To confirm this possibility, flow cytometry was used to monitor the amount of DNA in the nuclear suspensions in the shoot apex of WT and avb. Compared with WT, the proportion of nuclei in the S phase of avb in the shoot apex was decreased by 30% (Fig. 5e) . This showed that, in avb, the shoot apex, including SAM and lateral organ primordia, had lower cell division activity than that in WT. The reduction of cell division was further characterized by analysis of the in situ expression patterns of histone H4, which is expressed specifically in S-phase cells (Yoshikawa et al., 2013) . The frequency of cells expressing histone H4 was reduced in leaf primordia in avb (Fig. 5a,b) . In P1 leaf primordia, histone H4 was almost evenly expressed in the whole of the P1 primordia, and the frequency of cells expressing it was reduced by 17.5% compared with that in WT (Fig. 5a,b,f) . In P2 and P3 leaf primordia, histone H4 was mainly expressed at the edges of primordia, and the frequency of cells expressing it was reduced by 50.8% and 36.1%, respectively, compared with that in WT (Fig. 3a,b,f) . These results confirmed that the decreased number of cells was caused by impaired cell proliferation during the early development of organ primordia.
In contrast with the impaired cell division in early primordia in avb, the cell division capability increased in procambium cells in the late period of organ development in avb. As shown in Fig. 5(c) and (d) , the expression of histone H4 was clearly increased in procambium cells of leaf sheaths in avb compared with that in WT. This indicated that, at a later stage of organ development, there was high cell division activity in procambium cells, which explains the enlarged vascular bundles in these organs, such as leaf sheaths, internodes and rachis, in avb (Fig. 2e,f ,l,m,p,q,t,u) .
These results indicate that the AVB gene is required for the maintenance of the normal pattern of cell division in lateral primordial development. The mutation of the AVB gene decreased the cell division ability in lateral primordial development and increased the cell division ability in procambium cells in the late period of development of some organs, including leaf sheaths, internodes and rachis.
Identification and functional classification of DEGs between avb and WT by RNA-seq
To obtain deeper insights into the function of AVB, the transcriptomic profiles of shoot apexes in avb and WT grown under normal conditions were characterized. A significantly positive correlation between two biological replicates (Pearson's correlation > 0.95) was observed. A total of 730 DEGs between avb and WT were identified, including 678 up-and 52 down-regulated DEGs.
GO classification was used to assign the functional categories of DEGs. GO enrichment analysis results showed that the expression of genes involved in multicellular organismal development was changed dramatically. The expression of 44 of the 45 genes annotated within the organismal development term, containing 36 up-and eight down-regulated genes (Table S6) , changed significantly, indicating that the development process was strongly affected by the AVB mutation.
GOS2 (SUI/eIF1 homology, BGIOSGA024189), a gene known to be expressed highly in G1 cells and to regulate the G0 to G1 transition (Zhou et al., 2007) , was up-regulated by 230% in avb. ACC1 (1-aminocyclopropane-1-carboxylate synthase 1, BGIOSGA009886), which impedes cell proliferation by phosphorylation activity (Hadad et al., 2014) , was up-regulated by 320% in avb. OsGRF1 (Growth-regulating factor 1, BGIOSGA005497), which positively regulates cell division in leaf primordia (Horiguchi et al., 2005) , showed a 65% decrease in expression in avb. The significant differential expression of key cell cycle regulators in avb implied that the cell cycle was affected in avb, which was confirmed by ploidy analysis and the in situ expression patterns of histone H4, as mentioned earlier.
Discussion
In this study, the pleiotropic phenotype of the avb mutant was examined, and map-based cloning was used to identify the location of AVB on chromosome 3. AVB encodes a conserved protein with unknown function, and was shown to be preferentially expressed in proliferating tissues, such as lateral primordia. It was also discovered that the expression of the AVB gene is predictive of the sites of procambium differentiation from fundamental cells in lateral primordial development. In addition, mutation of the AVB gene reduced the number of procambium cells in lateral primordial development, and expression of the AVB gene was shown to be regulated by auxin through AuxREs in the promoter of the AVB gene. From these results, it was concluded that the AVB gene is involved in procambium establishment following auxin signaling in lateral primordia. The number of vascular bundles and the width of leaves decreases in a linear fashion (Korn, 2016) . As mentioned earlier, the vasculature of aerial organs in monocotyledons develops from procambium cells (Rao et al., 1989; Fladung, 1994; Miyashima et al., 2013) . The plant vasculature evolved c. 450 million yr ago to accelerate colonization of the land. The evolution of vasculature facilitated this colonization by transporting water and other nutrients from the soil over long distances; as a result, plants became more independent of the surrounding water and could grow higher in competition for sunlight (Furuta et al., 2014) . Phylogenetic analysis showed that the AVB protein was conserved in land plants, which indicates that AVB family members may have played a role in the evolution of vasculature in land plants. As mentioned earlier, OsWOX4 is expressed in procambium and plays a role in the maintenance of vascular meristem activity (Ohmori et al., 2013) . In this study, the expression of OsWOX4 at the growing point increased by 50% in avb compared with WT (Fig. S3) . This indicates that OsWOX4 may be involved in the enlargement of vascular bundles.
Another characteristic phenotype of avb was the reduced width of aerial organs. Histological analysis showed that the total number of cells along the width of these narrow organs was reduced, indicating that cell proliferation might be impaired during lateral primordia development in avb. Ploidy analysis and the in situ expression patterns of histone H4 confirmed this. Notably, only leaf (including leaf blade and sheath), internode and rachis narrowed as a result of reduced cell numbers, and these organs are all developed from lateral primordia directly oriented by SAM. At the vegetative stage, SAM gives rise directly to lateral primordia, which form leaves and internodes in rice. The transition to the reproductive phase evokes the transformation of SAM to the inflorescence meristem. Inflorescence meristems produce a rachis at the central axis of the inflorescence and are then converted to primary branch meristems that are attached to the rachis. After generation of the primary branch, primary branch meristems are converted to one or several secondary branch meristems, which form secondary branches and are converted to terminal spikelet meristems (Zhang & Yuan, 2014) . None of the roots produced by the root apical meristem or branches produced by the branch meristem exhibited any obvious changes (Fig. S4) . In view of this, it is suggested that the AVB gene plays an important role in the regulation of the cell proliferation of lateral primordia directly oriented by SAM.
Cell proliferation determines the overall size of organs by setting the cell number within an organ (Zhang et al., 2015) . Although the regulation of cell division in plants has been studied extensively, it remains largely unclear how oriented cell divisions give rise to three-dimensional organs. Most of the progress on this issue has been made through research into embryos and roots. The root meristem undergoes ordered cell proliferation to generate the final structure . The divisions underlying the radial growth of roots are called periclinal divisions, whereas 
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New Phytologist longitudinal growth is controlled by anticlinal divisions . Recent studies have shown that radial growth by periclinal divisions is regulated by auxin and cytokinin signals. The mutation of the WOODEN LEG gene, encoding the cytokinin receptor ARABIDOPSIS HISTIDINE KINASE 4 (AHK4), has been shown to cause reduced periclinal divisions in Arabidopsis roots, indicating that cytokinin functions as a promoter of such divisions (Mahonen et al., 2000) . TARGET OF MONOPTEROS 5 (TMO5), a MONOPTEROS transcriptional target gene, encoding the basic helix-loop-helix (bHLH) transcription factor, forms heterodimeric complexes with another bHLH subclade, including LONESOME HIGHWAY (LHY), to regulate periclinal divisions of procambium cells during embryogenesis; the TMO5-LHW complex is sufficient to specifically trigger periclinal divisions of roots when ectopically expressed, whereas anticlinal divisions are not altered by it (Ohashi-Ito & Bergmann, 2007; De Rybel et al., 2013) . This suggests that periclinal and anticlinal divisions are regulated by different factors at the genetic level. Owing to the complexity of aerial organs oriented from SAM, limited information about the three-dimensional cell proliferation of SAM has been obtained. Mutation of the AVB gene only leads to narrow aerial organs, but no change in their length, implying that aerial organs are developed via three-dimensional cell proliferation, similar to that which occurs in roots. It is thus likely that AVB mediates periclinal-like division and forms part of a regulatory mechanism that acts during aerial organ development; this regulation may be involved in the response to developmental signals, such as auxin. Regarding future work to build on this study, it would be meaningful to identify the molecules that interact with AVB to explore the regulatory mechanisms involved, which would further our understanding of the functions of AVB and its homologs in plant development. 
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The primer pairs used for map-based cloning of AVB Table S2 The primer pairs used for quantitative real-time polymerase chain reaction (qRT-PCR) analysis Table S3 The probe primer sequences used in in situ hybridization Table S4 The primer sequences used for vector construction Table S5 The primer and oligonucleotide sequences used for electrophoretic mobility shift assay (EMSA) 
